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Introduction
In catalytic systems, there are a number of possible causes of 
catalyst deactivation: coke deposition on the catalyst surface; 
chemical phase changes that occur during reaction; and phys-
ical degradation after a period of operation.1–5 In some cases 
the issues are directly related, e.g. phase change can be an 
important factor contributing to the pulverization of the cat-
alytic material.3 The structural changes that catalysts undergo 
during reaction can, however, also lead to the formation of 
catalytically-active phases.4,6,7 The formation of different oxides 
and carbides is well known for iron catalysts, particularly in 
Fischer–Tropsch synthesis,7,8 during which iron-based materi-
als undergo complex phase changes,9 with the identification 
of the active phase still disputed.10 Carbide phases formed 
in situ also play a catalytic role in, e.g. dehydrogenation and 
isomerisation over molybdenum oxycarbides7 and dehydro-
genation over PdCx species.
6
The dehydrogenation of ethylbenzene is a further example 
of a reaction where Fe based catalysts undergo structural and 
phase changes as a function of time on stream. Ethylbenzene 
dehydrogenation is the main route commercially employed in 
the production of styrene (Scheme 1).12,13 This reaction is equi-
librium limited and strongly endothermic, and under industrial 
conditions is normally carried out in fixed bed units operat-
ing in adiabatic mode. In the present study, a fluidised bed 
reactor (CREC Fluidized Riser Simulator) has been used, this 
reactor operates isothermally. Previous studies have shown 
that this configuration can overcome the typical diffusional 
and thermodynamic limitations often present in conventional 
fixed bed operation.14 Some of the advantages that the use of 
fluidized beds presents over traditional fixed beds include: the 
use of short residence times that minimize cracking thereby 
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improving the selectivity towards styrene; suitable tempera-
ture control of the catalyst; and continuous regeneration.15
The main causes of catalyst deactivation in ethylbenzene 
dehydrogenation are coke deposition, reduction of iron oxide, 
loss and/or redistribution of promoters and physical degrada-
tion.3 Herein, we apply a range of advanced electron micros-
copy, chemical, and spectroscopic techniques to characterize 
the changes that occur in an unpromoted iron catalyst in a 
reducing atmosphere under steam-free conditions, thereby 
accelerating structural changes in the catalyst and facilitating 
the study of these processes. Understanding the structural 
changes that occur during reaction is crucial in order to appre-
ciate the dynamic nature of the catalyst during operation in 
which different structures and phases form, which are not 
present in the starting material, and which can be directly 
implicated in both catalytic activity and catalyst deactivation. 
Only upon understanding the structure of the catalyst under 
reaction conditions can a full attempt be made at elucidat-
ing structure-activity relationships, which are essential in the 
design of improved catalysts. This work therefore seeks to 
characterize these changes in an important catalytic system.
Experimental
Catalyst preparation
An iron catalyst supported on γ-Al2O3 was prepared using a 
conventional wet impregnation method. Alumina powder 
(Condea Chemie GmbH) was slowly added to a solution of 
iron (III) nitrate hexahydrate in distilled water. The slurry was 
mixed at room temperature for 2 h and the water was slowly 
evaporated while stirring. Subsequently, samples were dried at 
120 °C overnight followed by calcination in standing air from 
25 to 550 °C (1 °C/min ramping rate, 5 h hold time). The final 
catalyst loading was determined post-synthesis as 21 wt.% Fe.
Catalytic reaction
The ethylbenzene dehydrogenation reaction was carried out 
in a fluidized CREC Riser Simulator, developed at the Chemical 
Reactor Engineering Centre, University of Western Ontario.16 
This bench scale mini-fluidized bed reactor, operated in a 
batch mode, is able to simulate the conditions of an industrial 
scale reactor unit, including gas-catalyst contact times and 
gas velocities. The reactor details and the experimental pro-
cedure are described elsewhere.16–18 The catalytic reaction was 
performed isothermally at 500 °C and at atmospheric pres-
sure (before injection) with a contact time of 20 s. Additional 
screening experiments took place at a range of temperatures 
(350–550 °C) and contact times (5, 10, 15, 20 s), as shown in 
Table S1. Conversion increases with both temperature and 
contact time, but little difference in the relative percentages 
of detected products is observed. For example, at 450 °C the 
percentage, by mass, of styrene in the product stream varies 
only between 93.4% (at a contact time of 20 s) and 96.0% (at 
a contact time of 5  s) with smaller variations at other tem-
peratures. Comparing different reaction temperatures at the 
same contact time it is observed that at a contact time of 5 s 
the greatest variation in styrene selectivity is between 450 °C, 
where it comprises 96.5 % of the product stream, and 550 °C, 
where it comprises 85.2%. The sample selected for detailed 
investigation can therefore be considered representative for 
a broad range of reaction conditions.
The catalyst was fully fluidized at 5000 rpm and the outlet 
gas flow was monitored by direct injection into a gas chroma-
tograph (Hewlett-Packard 5890A). Three measurements were 
taken, and the standard deviation in the results was deter-
mined to be ±2%. Conversion was calculated from on-line 
gas-chromatography data as shown in equation 1:
 
Characterization methods
A wide-range of advanced techniques were applied to the 
characterization of the fresh and spent catalysts in order to 
ascertain the changes that the material undergoes during 
reaction, and which will influence its catalytic performance. 
All characterization is conducted ex situ and hence the samples 
are exposed to atmospheric conditions prior to measurement.
Textural properties
The textural properties were characterized by N2 adsorption 
measurements at 77 K, using a QuantachromeAutosorb 1-C 
adsorption analyzer. Samples were out-gassed at 220 °C under 
vacuum (10−5 Torr) for 3 h before N2 physisorption. The BET 
specific surface area was determined from the N2 adsorption 
data in the relative pressure (P/P0) range 0.06–0.3, and the 
pore size distribution was calculated using the Barrett-Joyner-
Halenda (BJH) method. The determined textural properties of 
the FeOx/γ-Al2O3 catalyst employed were: BET surface area of 
116 m2/g; total pore volume of 0.23 cm3/g; and average pore 
diameter of 5.80 nm.
X-ray diffraction
Powder X-ray diffraction (XRD) studies were conducted on a 
Philips X’Pert PW3020 diffractometer (Cu Kα1 radiation) at room 
temperature from 6° to 85° 2θ (wide angle). Measurements 
were performed using a voltage of 40 kV, a current setting 
40 mA, a step size of 0.04° and a time per step of 15 s.
Mössbauer spectroscopy
57Fe Mössbauer spectra were collected at room temperature 
relative to α-Fe over the velocity range ±12 mm s−1 using a 
constant acceleration spectrometer with a 25 mCi source of 
57Co in Rh. Spectra were fitted using the Recoil analysis soft-
ware package.
Scanning electron microscopy
Secondary electron micrographs of both fresh and spent 
FeOx/γ-Al2O3 catalysts were acquired in a scanning electron 
(1)
Conversion % = 100 ×
moles of ethylbenzene converted
moles of ethylbenzene fed
Scheme 1 Reaction scheme for ethylbenzene dehydro­
genation11
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microscope model Camscan MX2600 FEGSEM operating at 
5  keV. Energy dispersive X-ray spectroscopy (EDS) was also 
employed to differentiate the constituent phases of the spec-
imens. SEM EDS mapping was carried out in a JEOL 5800 LV 
SEM operating at 15 keV. Samples were mounted on a stub 
and coated with gold in order to prevent charging.
Transmission electron microscopy
Transmission electron microscopy was conducted on two dif-
ferent microscopes. A Philips CM30 TEM with an accelerating 
voltage of 250 kV was used to perform electron diffraction 
experiments on FeOx/γ-Al2O3. Subsequently, a FEI Tecnai F20-
G2 FEG TEM operated at 200 kV was used to collect HRTEM 
images and STEM micrographs using a high angle annular dark 
field (HAADF) detector. Chemical analysis (EDS) of the samples 
was carried out in the same instrument.
The specimen preparation for TEM involved grinding 
powder samples between two clean glass slides. Afterwards, 
a suspension of the catalyst powder using high purity ether 
was prepared, allowing a drop of the solution to evaporate on 
a carbon coated copper grid. The amount and size of mate-
rial transferred to the grid was monitored using an optical 
microscope.
Results and discussion
The ethylbenzene dehydrogenation reaction was carried out 
at 500  °C with a contact time of 20 s over the FeOx/γ-Al2O3 
catalyst. Styrene was the main product, comprising 88% of 
the detected species by mass, with smaller amounts of ben-
zene (10%) and toluene (2%) formed. The remaining gaseous 
products detected were mainly hydrogen, methane, ethane, 
and ethylene. Ethylbenzene conversion was ~14%.
Powder XRD of both the fresh and post reaction catalysts 
was conducted in order to ascertain any structural changes 
which occurred as a result of the dehydrogenation reaction. 
The XRD pattern of the unreacted catalyst indicated that the 
main phase of the support was γ–Al2O3; while the iron was 
observed to be present as Fe2O3. On comparing fresh and post 
reaction samples (Fig. 1), a change in the oxidation state of 
Fe was detected, which will have been caused by the reduc-
ing environment; molecular hydrogen will be present during 
reaction as a result of dehydrogenation, cracking, and thermal 
decomposition of ethylbenzene.12 Thus with no steam or any 
other inert gas present and without any structural promoter 
to stabilize the Fe3+ oxidation state, reduction of the oxide 
took place, i.e. Fe2O3 (haematite) was transformed to Fe3O4 
(magnetite), which is generally accepted as being an inactive 
phase,19 according to the following reaction:
Several studies have supported this change in Fe oxidation 
state20–24 but some propose that magnetite is, in fact, more 
selective than haematite25 and that the catalyst only becomes 
stable after reduction and a certain time on stream.26 However, 
the majority of studies indicate that the reduction of Fe3+ 
containing species should be avoided in order to prevent the 
deactivation of the catalytic material. This is not only to avoid 
the formation of inactive phases,27–29 but also because the crys-
tal structure of magnetite (cubic vs. hexagonal hematite) can 
contribute, along with mechanical forces inside the reactor, 
to the degradation of the material.3
In order to gain further insights into the nature of the iron 
species present, 57Fe Mössbauer spectroscopy of fresh and 
post-reaction samples was carried out. The acquired spectra 
were fitted with a single broadened Lorentzian paramagnetic 
doublet plus 1 sextet (Fig. 2a) and two broadened Lorentzian 
paramagnetic doublets plus two sextets (Fig. 2b). The good-
ness-of-fit is quantified by reduced χ2 values of 1.792 for the 
sample pre-reaction; and 2.288 for the sample post-reaction. 
The results support XRD analysis by confirming that iron in the 
3Fe2O3 + H2 → 2Fe3O4 + H2O.
Figure 1 X­ray diffraction patterns of fresh and spent catalysts
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3); while HAADF STEM (Figs. 4 and 5) and bright field TEM 
(BFTEM) (Fig. 6) allow for a detailed characterization of the 
different structural motifs present in the catalyst, in particular 
the different alumina structures present. These results, and 
their relationship with catalytic properties of the material, are 
now discussed.
SEM of the fresh catalyst confirmed a degree of hetero-
geneity within the catalytic material. As shown in Fig. 3, EDS 
maps show a segregation of phases. Some regions are Fe-rich 
whilst others are predominantly alumina. In general, rounded 
iron oxide particles of 1–2  μm in size, indicated by arrows, 
appear to be deposited over and between larger alumina 
grains of size 10–20 μm. In Table 1 the chemical composition 
(determined using standard ZAF (atomic number, absorption, 
fluorescence) correction procedures) of different regions of 
the catalyst, corresponding to those identified as points 1–4 
in Fig. 3, is summarized.
HAADF STEM and BFTEM images acquired on the fresh cata-
lyst further illustrated the heterogeneity of the microstructures 
fresh catalyst existed predominately as Fe2O3, as evidenced 
by the extracted sextet parameters (Table S2) which are con-
sistent with α-Fe2O3.
30,31 Mössbauer spectra also confirm the 
change in oxidation state in the post-reaction sample through 
the formation of Fe3O4, again as evidenced by the extracted 
sextet parameters. As discussed earlier, electron diffraction 
also indicated the presence of small quantities of iron carbides 
alongside iron oxide phases. Fitting a third sextet representing 
carbides was attempted, however, its small area (i.e. abun-
dance of only a few per cent) made any improvement in fitting 
by adding this component only statistical and it was therefore 
not included here. The Mössbauer data are therefore consist-
ent with the presence of a small quantity of iron carbide, but 
cannot be used to directly to support the electron diffraction 
analysis.
Electron microscopy studies provide detailed characteri-
zation of the structural properties of catalyst before and after 
reaction. SEM and EDS yield information on catalyst mor-
phology and the elemental composition of the catalyst (Fig. 
Figure 2 Fitted 57Fe Mössbauer spectra: a fresh catalyst, and b catalyst post­reaction
Notes: Dots show experimental data, pink curve show fitted Mössbauer features and the blue line shows the aggregate fit. Fitted 
parameters are shown in Table S2.
Figure 3 Low magnification (3500×) SEM a and EDS map b of the fresh FeOx/γ–Al2O3 catalyst showing the distribution of iron 
(red), oxygen (blue) and aluminum (green) elements
Notes: Points highlighted in the secondary electron images correspond to EDS point spectra shown in Table 1. Arrows indicate iron 
oxide particles.
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to areas containing both Fe and Al, some regions were com-
posed of almost pure Al2O3, e.g. area (v) indicated on Fig. 4. 
The variation in composition of the different microstructures 
is quantified in Table 2.
BF images and HAADF micrographs of the post reaction 
catalyst showed that the microstructures observed in the fresh 
sample remain after treatment, indicating that the material 
did not degrade during reaction: some of these microstruc-
tures are shown in Fig. 5 where the labels refer to the same 
microstructures as in Fig. 4. However, in the post reaction 
catalyst, needle like structures, not seen in the fresh sample, 
which appear to contain crystalline particles 20–50 nm in size 
(indicated by arrows) are observed (Fig. 6). These structures 
emerge directly from the alumina support, with a number 
appearing in close proximity to each other. HAADF STEM EDS 
mapping (Fig. 7a–c) indicated that the needles were formed 
from alumina, while the crystalline particles contained within 
them were FeOx: inferred to be Fe3O4 on the basis of X-ray and 
Mössbauer spectroscopy results.
found. A combination of chemical composition from EDS 
analysis, electron diffraction and the morphology seen in the 
images is used to definitively identify four kinds of microstruc-
ture with different degrees of crystallinity. These are labeled 
as (i)–(iv) in Fig. 4; area (v) is pure Al2O3. Microstructures (i)–(iv) 
had high Fe/Al ratios (e.g. area (i) in Fig. 4 has an intensity ratio 
IFe/IAl of 8.7) together with the presence of oxygen. These data 
therefore indicate that iron oxide (confirmed to be Fe2O3 by 
X-ray and Mössbauer spectroscopy data) existed in the fresh 
material with different morphologies defined as:
(i)  Highly porous particles of size 500 nm–2 μm.
(ii)  Crystalline “rods” of ~500 nm length.
(iii)  Rounded crystalline particles of size ~50–100 nm.
(iv)  Plate-like structures.
As expected, aluminum, iron, and oxygen were the strong-
est signals detected by EDS. However, other elements were 
detected in small quantities. These were copper (coming from 
the TEM grids) and, rarely, silicon, which could arise from a 
detector artifact or an impurity in the support. In addition 
Figure 4 HAADF STEM micrographs of fresh catalyst showing the different microstructures found: areas (i)–(iv) contain 
both Fe and Al and are defined as (i) highly porous particles of size 500 nm–2 μm; (ii) crystalline “rods” of ~500 nm length; 
(iii) rounded crystalline particles of size ~50–100 nm; (iv) plate­like structures; while Area (v) consists of pure Al2O3
Note: Analysis of areas (i)–(v) is presented in Table 2.
Figure 5 Low magnification HAADF STEM micrograph of post reaction sample: (i) highly porous particles of size 500 nm–2 μm; 
(iii) rounded crystalline particles of size ~50–100 nm; (v) pure Al2O3
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knowledge of the authors however, such needle like struc-
tures have not previously been observed to form in catalytic 
systems under the temperatures employed herein. That such 
microstructures form at relatively low reaction temperatures 
(500 °C) is particularly noteworthy, and may be indicative of 
a solid-state transformation catalyzed by iron species. A fur-
ther unexpected morphological formation is the apparent 
enclosure of Fe3O4 particles within these needles. While the 
formation of iron carbides is well-established in many cata-
lytic processes, the co-location of these with the Al2O3 needles 
formed at low temperature is particularly noteworthy.
In addition to needle-like morphologies, BF TEM images 
also revealed the presence of crystalline dispersed particles 
of approximately 100 nm size. Analysis of electron diffraction 
patterns showed the particles to be ɛ-Fe2C. In Fig. 8a, a TEM 
micrograph of one of these particles is shown as an inset 
together with a corresponding indexed diffraction pattern. 
Other carbides were also found adjacent to the elongated 
alumina microstructures described (see Fig. 8b). Analysis of 
the lattice fringes indicated that these carbides were Fe3C (Fig. 
8c). The presence of carbides, as indicated by TEM, is consistent 
with the results of Mössbauer spectroscopy. These species, 
although detected in low concentration, could influence 
catalytic performance: further work needs to be undertaken 
in order to clarify their role, be it in promoting or deactivat-
ing the reaction, or as an inert spectator. Iron carbides have 
previously been reported in similar systems such as Fischer-
Tropsch synthesis,36 where they have been proposed to act as 
the catalytically active phase.4,7,10 The mechanism of formation 
of carbides has been proposed by Ding et al. to involve reduc-
tion of haematite to magnetite in the surface and bulk regions 
of the catalyst under a CO atmosphere, and the subsequent 
transformation of the magnetite surface into iron carbides.8 
Elsewhere, the formation of CO in the direct dehydrogena-
tion of ethylbenzene over CrOx/Al2O3 has been demonstrated 
and its role in catalyst performance discussed.12 In the system 
Needle, or whisker, like alumina morphologies have pre-
viously been identified in catalytic and related systems. For 
example MoO3 has been observed to promote the growth of 
γ-Al2O3 whiskers at temperatures above 850  °C
32; while the 
formation of alumina needles has been observed on FeCrAl 
foils after oxidation at 950 °C.33 Such alumina morphologies 
are typically associated with metastable Al2O3 phases, e.g. γ- or 
θ-Al2O3.
34 Structural changes have previously been observed 
to occur in alumina supports under dehydrogenation reaction 
conditions. For example, a phase change towards a more crys-
talline form of Al2O3 has been observed for VOx/Al2O3 catalysts 
employed in the dehydrogenation of butane.35 To the best 
Figure 6 BF TEM micrograph of a nanostructure emerging from the alumina support
Note: Arrows point toward Fe3O4 particles.
Table 1 Percentage elemental composition of the fresh 
FeOx/γ–Al2O3 catalyst, determined by SEM EDS mapping and 
point spectra analysis
Notes: 1, 2, 3 and 4 correspond to the points indicated in Figure 3.
Element 1 2 3 4
O K 52 58 48 43
Al K 35 23 41 11
Fe K 13 19 11 46
Table 2 HAADF STEM EDS analysis of microstructures 
found in the fresh material
Notes: Areas and points correspond to those shown in Figure 4: 
values for point (iii) are quoted for one of the two points identified 
as this microstructure. Intensity (I) values correspond to number 
of counts in the acquired EDS spectra; quantitative concentration 
(C) ratios have been determined using standard ZAF correction 
procedures. K factors are calculated at 200 kV from Sheridan.38
IFe IAl ISi IFe/IAl
CFe/
CAl IFe/ISi
CFe/ 
CSi
Area (i) 148.0 17.0 – 8.7 9.4 – –
Point (ii) 70.0 25.0 – 2.8 3.0 – –
Point (iii) 42.0 6.0 – 7.0 7.6 – –
Point (iv) 29.0 – 11.0 – – 2.6 3.6
Area (v) 9.0 240.0 – 0.0 0.0 – –
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effected as a result of the dehydrogenation reaction. Carbon 
laydown, or coke, is typical in such reactions; however str-
cutural changes such as the reduction of iron oxide and for-
mation of iron carbides are likely to play an important role 
in dictating catalytic performance; while the observation of 
needle-like alumina structures, formed at relatively low tem-
peratures, encasing Fe3O4 particles is particularly notable.
Summary and conclusions
The dehydrogenation of ethylbenzene over FeOx/γ-Al2O3 
was carried out in a fluidized CREC Riser Simulator at 500 °C 
and with a contact time of 20 s in the absence of steam. In 
order to understand the structural changes that occurred 
during reaction, a range of techniques were applied, namely: 
XRD, Mössbauer spectroscopy and electron microscopy. The 
analysis of the data provided by these methods confirmed 
the reduction of iron from Fe3+ to Fe2+, and the presence of 
studied herein, the absence of steam may result in a greater 
extent of catalyst reduction as compared to reaction systems 
where steam is present. Additionally, the formation of carbides 
is a relatively rapid process under these conditions; the contact 
time in the riser simulator being 20  s. Some carbon is also 
present on the post-reaction catalyst in the form of carbona-
ceous deposits, as confirmed by temperature programmed 
oxidation measurements (Fig. S1). Carbon deposition is a 
well-established feature of dehydrogenation reactions, in 
particular when the feed consists only of the pure reactant. 
For iron-based catalysts the formation of such deposits has 
previously been explained through an iron-carbide cycle 
mechanism promoted by the reduction of the iron species;37 
the presence of iron carbides allows a similar mechanism to 
occur in the present study, potentially contributing in part to 
the formation of the observed deposits.
The comparison of the catalyst after reaction to the fresh 
material therefore indicates that significant changes are 
Figure 7 a HAADF STEM image of one of the needle like structures found in the post­reaction catalyst; b EDS mapping of 
Area 1 indicated in a; c EDS spectra from Areas 2 and 3 indicated in a
Figure 8 a Diffraction pattern recorded parallel to the 
[
1 1̄ 0
]
 zone axis corresponding to the ɛ­Fe2C isolated particle shown in the 
inset; b BF TEM micrograph of an elongated alumina structure containing crystalline particles; c HR image of the highlighted 
area in b: the strong fringes correspond to the 
(
2 1̄ 0
)
 plane
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carbides after a very short residence time. Of specific note is 
the formation during reaction of elongated alumina structures 
containing iron oxide particles emerging from the alumina 
support. These species and microstructure may play a role 
in catalyst performance and deactivation, and hence further 
investigation of these will facilitate the development of struc-
ture-activity relationships.
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